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B, E,'Rose

It 1s'the purpose of the following to examine, from theﬁtheoretical
,poiht of view,vcertain experiments which ons might be able to oérform with
polarized heutron beams incident on polarized nuclel, In this note we
; oonsider (a)'ooherent;and incoherent scattering in a cfystal takiqé into
éccouﬁ@ elastic scattering only, (b) soattering and absorption at higher
- energies where diffractioo effscts are not present and only a'single
nucleus néed be considered, (c) the determination of aﬁgulaf momenta of -
levels of comoound nuciei and (d) the process of polarixgtioo of_:esonanoe
| neutrons by polarized absorbars, ~' T oo -

_" An attempt ‘has been made to determine what nuclear information -
dould be obtained in a practical way by determining in what manner varioua
 effects depend on.tho polarizationoof nuclei and oeoﬁronso It may turn

.out that certain sugéestioos involve #irtually impoésible measurements,
‘ However, the discussion given beiow is based on thalfeeling.that at
\present it 15 promature to estimate what nuclear polarizationa will

eventually be attainableo BN

1. Scattering by:CrystaIs
' Tho‘géooral formslism has been given by W. G. Polldrd*n_ The

/

% Forthcoming report entitled WEffect of Spin Dependent Interactions in
Diffraction. : . .
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. procedure 13 the usuzl one employed in neutron scattering problms of
using the Bornm approximation with a o ~function un.eraetion between
neutron and mwleio If the Jth nucleuns is located at the poaition gy

the imteraction energy at the neutron position g is

. ) .\

‘j/' (z)=,w§—m g (9.1{'+ b, 1y o) dz=gy) (1)
‘where 1, ia the nuclear spian, 8 the nsutron apin*a_nd &, , b, are the
a-cattering e.mplﬁudea giving the ccherent and incc;ﬁerent geatiering in \
‘the wnpolarized case, - ' ‘ '

s Y et {8, + Vp,

"'_a‘,#

k _
2;),-,7-1
é’h“ 3“370- ' o ‘ ’ )
b, = \‘ % 2g_y+1 S _ . 2y

where ¢ - and 7 1 are tlw phase shii‘te for total angnlar momentum
J=14+ + and Ji= i 4 respectively. In (2) k is the msgnitude of the
wave vector of the incident neutrons.

In terma oi’ this notation Pollard”s result for the acattsring

per wnit s0lid angle, wharain the neutron wave vector changes from gi

i = [ o] s
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Aldo m, is the z componem of spin of the th micleus and I@-f- /

2 s
}e - |7 ate the probabilitiet{"“ it the 3 componsnt of ‘the Bpin of the ineident
neutroa ia % - -5- respectivelyov Of course, /c-;- / +l LI / = J!:a The

néutren polarization f is th& evarage value of the 8y divided gy the
maxinum valve 4, Evidently, .
- . . _~ -_# : ) .
2 :
g -/b-r/ & /ee : - L)

It 4s clear thet the :f‘ust two terms of {3) glive the acattermg

for mxpolarimad mutrohs and unprbiarmd nucleio The eoherent sca%ering is

i
./

(mr)a}z 6 RN CE

and the (iwtropic) :‘Lneoherem sca‘ttering is

io—(W))

. ' /
. (0’@(29))35, %E%’r? Z’b”/ 3,4,+1 . (6

v
' Thé third tesmg éa;will be ehm belovﬁ makeb a eontri..bution to tiie oross
. sedtion prmlded that the nuele!. ara partially polars.zed, even thougb
the neutions are not ‘I‘he origin of this contributi.on can be understood
from the fact that 1t exp&*esseb the correlation in epin directions of pairs
of miclear scattering eentere in the lattico, The remaining terms arise
only when' bo'ch neuﬁrons and pueled ars polarizedo ' _
we tust now average {3) over.all magnetic substates of the muoclef.
Each nueleus orlents itself in th'a extornal field practically 1'p.d_epan_dsnt1y
of the ‘othera,  Denoting the probabllity that 1, . have the value m, by
 pln, ) v have - | _

-

= ’2 uE‘“‘ﬂ’“"n% S K
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| W=Z m, pln, ) %: my, play. ) = Ty B 4y L0 )
, o Ty : . i . _ :
where 1‘5 is the polarization . of the nucle:lo ?‘e provide i‘or the peeaibilitgr 4
of non:monoenuclear lattices by the brime on i‘m, Both f and fB Yary
| ixx the range - 1 to. 1 tha ex'treme vaiues corresponding to oomplcte pnla'ris&ab
tiona %‘nhfen f and fﬁ Emve the e;am, ;Z&ign we,. speak of paralleﬂ pc:»].azr:).z:s!vv:.'minQ
- mherwise of anticparallel polariza lbna R . '
Writing ths crcas sectiah .m the form | o |
where a7 is. the. cross sectix’m given by the suR of (5) and (6), and dropping
B the arg\ment W 5. have
% -t gy "'(*5 Wy e ted,)
e ot o Lo T e

‘.\0,"’.@. e .
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---A-.:Wr>-"*--§ o % o ‘
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Bere & = (ks - ) °z . Thete ‘additional terms due to polarization
ars evidently made up of contributions %o both. @oherent and incoherent
, ascattering, These are respeétively,

. 2
{o7), = f b j fa 1, (10}

i ! &(W)z E u‘l‘ }_ /4 n,Ay‘ ud
Wo first consider a monatomic, mowisotopie latticqg Then all a v 9-

b, 1‘,, £y are the same and far no absorption a -and b are real quantitieao

Aoyl = %(:#(fgb 1 +4fni‘niab)/Zééd / - {11)

and. the extra 1neohs’rent aéa‘ttering‘per atom is

i

(0'-)‘=a-;—m{f2b212+fszi) B . (12)

'Expragaing the total differential eross. sections in terms of the

‘evoss sections for the uapolaﬂéed- case & follows. - - t
(a') (o*') (1 + P

(0, = (o, (a+ P



go that £ and £, are the relative increase inm crose sechi
\ & X ) . ha .

pelarization, we have ' <
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Eéuétiyn‘ilz)'appiiés to_ﬁhé5ihcohefént scattering provided that this 1s
\A_practigaily ?ntirﬁl§-due to spin-dependence of the nualgar forces“' [
Lhére‘are other sohfees ofxiﬂcoﬁereni scattering these will not be affecied
by the'polar;éafion; If the cpntribution.to the inccherent écattaring'due
to spin effects is 0. and the additional incoherent ‘sc:a*‘ttering is o

then fhe’total incoherent scattering with and withbu@ polariZatiéﬁ would

be

. . - ¢
o b —
Aoy = T T Iy
and

. e ) . \' ]

log + o3)y = Qo+ Ppioy +ay
I one knéws the polarizgtion factors fﬂq fn and the nuclear spin a -
measurement of incoherent scattering with and without polarization would,

in ),r)rirm':[ple.9 determine separately.ihe spin and non-spin part.of the

-
s
/

inzoherent scattering. -

For both meutrons and nuclei completely polarized im the paraliel
zense f}x = fn: _3_4;. i, we ha\.re )0 g = -1 and the' inc;ohgre‘n@ scattering

disappears, as was to be expevied. %Phe miniwum value of‘F>ﬁ is - fi S9

\

1

,' . - v ’ N
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the coherent seattoring caa vanish only if £, = t2 and £y = T2a/ib.
We also check that reversing both polarizations together has no sffect bui
reversing elther ome changes the scattering and in a way which depends on
the relative neutron and nuclear peolarizations; that is, it is not trpaa
that e OF /)i or the sum of pol&riz&fim«depen&eu‘a cross sections changes
sign when the polarizations of neutronz (or nuclei) are changed in di..rectioﬁ:
Thie effect which s due to spin correlation of nuclear pairs iz, of course;
absent in the case of scattering or absorptioh by single nuclel, see Section
2. It is. also observed the entire poiaz‘iia‘ﬁzion effecﬁ is present only if
the nuclear fora;:as.are spin=dependent, b # O,

It is scen that the cohersnt scattering coefficlent (. dependas
only on the ratio a/d, This can be evalusated, wi‘thiz; a sign, from the

scattering by a single rumcleus

) - __(._: e
...&-._:_—1" 4 i1+ 1)(‘7‘;‘. ,e’]g,")
b -2 ‘f‘i; o

whereo CJ*‘@ and C/"i are the "coherent® and "incoherent® cross sections for

the single atom

iy +0+1)
o = b (o )?_l_‘; {16a)
37 42 2111
o 2 :
oy =ty MEzA) (9. - 7Y , [16b)
K~ 2i41 + ° '

The sign of a/b can alsc bs determined from studies of diffraction

‘in the polarized case by obssiving whether the coherent scatterlng increases



or decreasesbwhen the .neutron polarization is increased. For parallei
polarization an-increase in coherent scattering with increase of fn means
a/b > 0 and a decrease means a/b < O, In practise it would be simpler,

to reverse the direction of ncutron polarization. Then if the scattéring
with éarallel and anti-parallel neutron polarization are 0'; and O _
respectively the vmagnitude and sign of. ab is determined from a measurememt
of 07 = g—» In additlion, if cne measures the scattering with axd without
nuélear polarization, 'but with no neutrom polarization in both cases, the

- difference in these two measurements gives bz, that is, the true (spin-
dependent) incoherent scattering without polarization., Even more directly,

2

a measurement of coherent scattering without. polarization gives a™ and

with ab determined one gets the spinaincoherent scattering from b (ab)2/a .
These megsurements would be practical ,evqn W1th small nuclear polarization
if the incoherent scattering amplitude b>7;1, the coherent scattering
amplitude. The example given below for H, where this condition is fairly
well fulfilled, amply illustrates the point, |

It is also iﬁxportant to emphasize that here as in g;;'cross section
measurements one can obtain information only about products of scattering

amplitudes. In the present case one obtains 29.29 ab and b2 Thus, one can

'c‘hange the sign of both a and b gim;;&angouslx without contradicting any'
experimental results. ,Therei‘orev,, at best, one can determins only the
absolute magnitulea of thé phas;e shifts / )70 [ and / 7?1 / and their relative
slgn. This information is already more than one can obta':ln from diffraction

with no polarizatioﬁo v
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A mmerical application will serve to indicate the magnitude of

the eﬁpected effects. For hydrogen we have
0y =18 barns, o, =2 barns, 1 =%, a/b < 0
then

P, =3ty (1-1.15 £,/2)

Hautron polarizatiéns / fn’ = 0.3 have already been obtained, Assuming a

nuclear polerization of 0.2 we have

Due to Polarization

-fn 003 e 003 o
Fc = 0088 0328 o 120
F i = 0080 0040 . - 0013

. the 21% 1x§créase in coherent scattering on reversal 51‘ the mgtron polariza-
tion‘ 1s an effect easily observable although fhe changes in other cases are
not particularly largs. These resp.lts would also indicate that diffraction
of neutrons of known degree of polarizaticn might be an accurate methed .
of measuring small nuclear polarizations. |
Considering a lattice composed of two types of nuqlei. with
. polarizations fl and f2 we can easily obtain the relative changes in
coherent and incoherent scattering in the case that the structure factors

E_ ei S for the two nuclei have the same or opposite numerical valus.
/ _ . .



We find

Pe = "i" "“-2"""5{“’1 il‘ 1150y 15 ) +af(ayEe) (b 1) 7 by, fz)}

< . )
a., -
17 %2 {17,
and the T sign goes with"ra{io of structure factors = T1, reepectively.
‘The incoherent scattering gives a coefficient
2 .2 2 .2 2 ’ 2
o= - OO+ o+ L0y a1, 0) (18)
i 2 2

b i, (il+ 1) + by 1, (12+ 1)

wﬁich is, of course, independent of the values of the 's‘tructure factors. It
..is'easily checked that when bl’:. by, 8y = 8‘29_11:- L, f1=1, these results
reduce té (13) and (14) -respeétively, whér’ein {17) must be taken with -
-éiéno Again we check that for complete parallel polarization there is no
’ inqoherentl sgatt‘ering for the bi-nuclear lattiogul In fact, froml {10) this
is seen to be geﬁerally truéo | ' - |

It is also seen that in such cases yfor which a diffraction peak is
ébsgnt due to accidehtgl ‘ca“ncellati'on of the coherenf; scattering in the
unpolarized case ; al."ﬁ"a2 = 0, the peak may be present with some intensity -

ir appreé.iable nuclear polarization is achi‘eved, since in this case
: _ : 2
Toan (b 43 L, T B 1, 1))

From a meésurement of ‘the coherent scattering without polarization .

one can determine (al-l- az) and (al - 32)21f both peaks are of sufficient

intensity. This gives the relative sign of 8y and a5 With nuclei polarized
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but neutrons unpolarized one can obtain, at least in principle,

. i 2
v<1 b 1+1 b, f} and(il 1 £ 121: fz) and hence the relative

sign of by ard by, With neutrons alao polarized one gets the additional
dats (51+ 8'2)(11 1 f1+ 12 b2 fz) and (al <. 82)(11 bl fl =. 12 b2 fz)o
From this the relative signs of (ay % a,) and (:ll by £1 % 45 by f,) are

fixed for both ratics of the structure factors.

20. Scattefing by a Single Nucleus

o The forégoing can readily be speclalized to the case of a aingie
. mucleus. Here the scattering is isotropic so that it will be more c'on-
venient to introduce the total cross section. This will again be denoted

by 0~ " For the unpolarized case the cross section is simply O"‘ = O+ 07

| where Ge 8nd O sre given by (16). When both neutrons amd nuclear are
. polariged we have

O""_"c.rc(l"-lo)

= T%'T’_ [a2+ _}:_ i(i+1)b2+. g £, fylab - .%_bz)] (19)

®

y RNy
petng Ea-d
A (20)
, 1+ ¥
4 a

[

For H this gives

Pp=-0.9512, 2,

and for £, = 0.3, £, = 0,2, we get a 5,7f decrease im total cross section.
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This 1s a rather small effect. It may be noted that the primary information
to be galned from scattering of polarized neutrons by polarized nuclei is
a separate measurement of the cross sections for the two orientations of

muclear and neutron epin, i.e., from a qomparieon of the cross sections

. with and without polarization (either fn or fy = O and both £ n? fq #0)

one obtains 7 and 7[ separately., While such information can be obtaimd
for slow neutrons from crystal diffraction data, and in the case of
hydrogen (and possibly deqterium) from scattering in ortho~ and para-
molecules, it would bs very desirable to know both phase shifts at all
energies. From (20) 1t can be seen that the relative changs in scattering
¢annot be greater, in order of magnitude, than £ fN irrespective of the
magnitude of b/a . Therefore , it would be advantageous to attain large
polarizations of neutrons and/or nuclei. There is also involved the
question of obtaining polarized neutrons of higher than thermal energy., .
A poasiBle method will be discussed in Section 4.

The total cross section with polarization can be written in terms

of the phase shifts. Using (19) and (2) we find

o 1, + {1 +1) . .
o = &I y( 71+iff—l———u 7 | - {(2)
K2 24+1 21 + 1

From this it can be seen that only the squares of the phase shifts enter

and hence their sign is not determinable from a measurement of ‘the total

# L. - . ,
In this respect the scattering by a single nucleus differs from diffraction
by a crystal because in the latter case one ‘can measure the coherent
scattering separately without polarizing muclel or neutrons.
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cross section. Ve can also write {21) in ths form

2 ' .
3 , {1 +1) >7
= & ! (1 -1, fg)+ 1(1+...!_.:t‘ fm)
KR [ 2a+1 | 21+ 1
. : -
S Hl-1 f) o;i+!}(i+ N+ ——3-—1_,, 1 W7y
= (22)
28 + 1
which represents a weighted average of the cross sections for the two
j-values. From (22) we see that we can also write
1 e (T, - I,) |
i+ i
f = LB (23)

%+(1+ D Ty

The sign of [° for given fy £, is again seen to be am indicator of the
comparative strength of muclear forces for the two spin orientations
corresponding to j =417 ¢.

.From (23) and (16) we can express CTI_,,_%_ in terms of the quantities
capable of being mea'sureds

(1 - z._,;mf_

Tip = o Ty (242)
. - :
Tiry = o1+ 'i::;;) | (24b)

- It 1s instructive to oonsider the limiting case of complete
polarization even though this is a situation which one hardly expects to

approach in practise. For the parallel allignment of spins, f, = fR =*%1

we have from {22) .
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g =0 =044y

This 1s to be expected since the total z component of spin is * (i+ #)

which is a substate belonging to j = i+ % only. Bowever, for the anti-

* parallel allignment, £,= = fy = L 1,

- 2i o, + o '
- =g- = id  i+d

24+ 1

and both cross sections d—fit 3 enter, The z combdnent of total spin is
i = 4 which is a substate of both valuss of j. Only im the classical 1imit

= T, "
of largs spin 1 does g~ 1}

3.. Angular Momentum of Levels of Compound Nucleus
Perhaps the most readily obtainable information once one can
produce polarized neutrons of resonance energies, is the determination of
the angular momentum of levels of compound muclei, Actually this informa-
tion can be obtained from scattering a‘g'well as absorption althoug'h in the
formér case 1t may be necessary to take into account the effects of multiple‘

scgttering and, in particular ths depolarization effects resulting therefrom..

Tt will be considered for the present that these effects are negligible;

i.e., the target thickness is small compared to the scattering mean free

path. This assumption 18, of course, nqﬁ restrictive when the absorp’f.ion

cross section is much lérgef than the scattering cross section.
Considering a beam of slow neutrons incident on'a nucleus with

spin i, the total angular momentum of the combined system is J= 1+ %,

k4
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Thus, levels of the compound nucleus with both spin values ‘can be involved
in the scattering or absorptiono In the case ‘of well-separatéd levels only
oﬁe of these wiil be involved for resonance energy neutrons. Of course, the
existence of the resonance ;lthplie_s we'll-.separa'ted levels. The problém is
to determine which value of J :je'fera to a particular resonance. A4s is
shomm below, this can be 'determined at once from the gpalitative observation
as to the direction in which the cross sectlon changes when the polarization
(of either neutrons or muclei) is “turned on."

While the results obtained in Section 2 are applicable here this
is not readily apparent since it was assumed that the phase shifts are
real whereas absorption corresponds to complex phasa shifts. Actually this
difference is irrelevant., Only the properties of angular moment\ﬁn operators
are involved; that this is s0 is brought out more clearly by the following
alternative procedure. |

Denotihg the ﬁave functions of neutron; initial nucleus and
compound mucleus ty X , ¥ and 117- respectively we would write the cross -
‘gection in the forn® | ’

o~ = const, z P(m m)/ (ém 3,m I/Jigmi) /2 (24)

nym

vhere ¥, my and m are the z-components of the spins J, i and ¥ of compound
nucleus; initial nucleus and neutron respectivély; p(_mi ) is the proﬁabiiity
tha'l‘; 12 = ‘i_ and 8, = A= t 4. The mﬁtrix element in (24) actualljinvolves

*
of . Beths and Placzek, Phys. Rev. 51, 481 (1937).



only tbe part of the respective wave functions which refer to the angular
momerita, A1l other factors, widths, resonance energy, ete., are in the
constant factor in frohto‘ It has also been assumed that only one level
18 in resonance. »

Corresponding to. the fact.that the addition of angular moménta
and % gives both resultants 1+ § the wave functiox; {E‘m can be expressed
as a mixture {linear combination) of all wave functions correspondiﬁg to
angular momenta which can give the required resultant inm the sense of

quantum mechanical addition of vectors. Thus,

e DR

where we have used the notation of Condon and Shortley* for the coefficients

i J ) (25
¥ 'xémvlmi )

(transformation amplitudes for vector acdition). Inserting (25) in (24)

and using the fact that X 3o lé’mi form an ortho-normal set of functioms
we find
- . 2 ‘
g~ = const Z p(mim) / (1% my m/ i%4J H)/ _ _ (26)
i . L |
The coefficients which aré needed here are listed below:

3 m=% = o

i+3% i+a +1 4 em+1

i-% 1ami i-}-mi

- 4
Cf, Condon and Shortley, Theory of Atomic Specira, pp 73-78
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For § — 1+ % we then have
o= = const < pimg) | e 2(1-#&-#1)1—(0 IZ {1 -~ m,+1)
. - . e Z_ p i , +I 1 o - i
my ‘
where we have used

,p(mi,i' 3) = plmy) éi"_lz o

¥

and p(mi) is the probability that i, = m; which is, of course, independent

of m. We now use

S plmy)my = g5 1
and evaluate the constant so that for unmpolarized nuclei (or neutrons)
g = Ti+d o Then with (4) we find

.
= Ti+d U+g £ m) (27)

g
Similarly, if the resonance level has J = I-4 we find

T:o;{%(léfnfﬁ) ‘ (28)

It will be seen that the total cross section (22) obtained in Section 2
is simply the sum of (27) and (28) wei_ghted with the factors i/2i+ 1 and
1+ 1)/2i + 1 which are éimply the relaﬂve statistical weights of the
two resonance levels. In the resonance case considefed here either

G‘i_'_% > szb-or CTL_% » U““_% 8o that e;ther (2_7) or (28) represents the

total cross section,
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From (27) aﬁd {28) it is clear that one needs only to obaerve
whether the cross section increases or decre#ses when the neutromns ’
polarization is change& from zero to a value corresponding to parallel
spin allignment with ‘the'nu‘clei° In the former case ons concludes um-
equivocally that J= 4 + % and in the létter case one has J= 1 - %,

The magnitt&e of the effect is of order £, fy so phat for the example
‘cﬁnsidered above (f, = 0035 fy = 0.2) the cross section changes by about
6 percent. Spch s change should not be too difficult to observe at least

qualitatively.

4. Polarization of Resonance Neutrons

In the preceding aectioﬁ 1t was assumed that one can ohtain
polarized resonance neutrons, Acfually, the known methods of polarizing
neutrons are effective either for thermal neutrohs (polarization in ferro-
maéneiic materials) or for very fast neutrons {scattering in He whére the
polarizatioﬁ is due to spin-orbit coupling, or scattering in heavy muclei
where it 1s due to the coupling of the neutron moment with the contracted -
electric field of the nuclear charge). However, {t is evident that
polarized neutrons of resonance energies can also be produced by virtue
of the large difference in cross sectiom for the two angﬁlar monsntum
values § = 1+ 4. For this it is necessary that the target nuclei be
polarized. It will be seen that the neutron polarization produced can be
made large if sufficient msutrom flux is available,

The intensity of polarized neutrons as well as theif polarization

ie easily calculated. Let Iﬁ_ and I_bs the transmitted intensities of



=20=

neutrons withm=* %4 ad = respectivelyo Then the total imtensity is

I=1_+ I (29a)

S T | (29w

Denoting the distancs of penetration into an absorbing foil by .x and the
resonance cross sections for m=2*4 by 0; we have
dx | a1

+ _ . = |
kel Na_-'_- I_'_ et o I (30)

vhere B is the mumbsr of absorbing muclei per unit volume, Considering
first the case that the resomance level corresponds to d = I + % we have

' f .
oz =0, 1z m) o (31)

where o- . a" 18 the cross section for no polarizationo

i+
From (29) and (30) we ha.ve

,_.L
',g; Fo- (I+i+1d)

dca__.' 13y ' :
ds na-(d+i+11) | (32)

In (305 we -have assumed no depolarization. effects due to multiple scattering
which will be fully justified for the case of large absorption, In any case,
since the scattering is isotropic anmy neutrons which becomes depolarized by

scattering are effectively removed from the transmitted beam, This is in
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contrast to the situation im which neutroms are polarized by the long rangé
foree fields such as are operative in the féfrdmagnetic or contracted
. Cunlomb field scattering. In thesé gﬁases the ecattered neutrons are s for
tﬁe most part, déflected through small aﬁgleéo
 The selution of (32) subject to the initisl conditions

I=1, d =0 . atx =0
i .
-8 o x ' . :
I=e © coen 18 %o % (33)
1+1
and |
g, 1Bo- £ S
‘9‘:@6 oxsmh—_u' . X (34)
- I+ ' ;
Tha polar:iz@tion of the trapsmitted neutrons is
4. . 1Boyf -
£ ___J /I & - tanh o2 X
n o 1+ 1 | (35)

‘ For J=41i-% we obiaixi'tl;e' corresponding resulis ly replacing
12/1+ 1% - £, Then |

=NC * y - _
I= o © cosh W o, fy 3 | - (33a)
: N o '
S S Rop fp x © (34a)
P = tanh Bog fy x o ‘ (358)

It will be noted that for J= 1+  the neutrons are polarized

in the antiparallel semse. This is a consequence of the fact that. the

N
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cross section in this case is larger when the neutron spim is parallel
to the nuclear polériaation° When J =1 = 4, the reverse 1s true and the
meutrons are poiarized parallel to the nuclear polarization. Using am
analyzer t§ defect the nsutr&n-polarization one could obtainm the J value
again,. | |

It also follows from these results that while increasing nuclear
polarization produces largér neutron éolarizationa the latter is not
necessarily limitéd by the former. To prdduce neutrons polarized to a
much greater extent than the nuclear ailignment it is only necessary to.

use a thick absorbsr so.thafvthe‘preferential absorption can eliminate

‘more and more of the neutrons with one spin component, It follows, there-

fore, that the essential limitation is one of neutron flux and detection

sensit iﬁty °
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